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FIGURE 1. Irregular pulmonary vein dilation (case 1). A, Chest CT scan taken 8 months before the last admission shows normal
pulmonary veins (arrow) in the upper lobe of the left lung. B, Chest CT scan taken during the last admission shows irregular pulmonary
vein dilation (arrow) surrounded by ground-glass opacity. C, Pulmonary venous invasion is surrounded by hemorrhage at autopsy

(arrowheads).

fungal hyphae invading the pulmonary veins and arteries, which
resulted in hemorrhagic infarction of the lung.

Case 3

A 64-year-old man with overt leukemia from myelodysplastic
syndrome developed a high-grade fever above 38°C, and his chest
x-ray and chest CT scan revealed small nodules in the lungs
bilaterally. His WBC count was 900/mm?, and 36% of blastocytes
was revealed. Serum Aspergillus galactomannan antigen was
negative. After a 2-week course of voriconazole, a follow-up CT

FIGURE 2. Spreading broad aseptate fungal hyphae in the
pulmonary vein at autopsy of case 1 (Grocott's Methenamine
Silver stain, x400). The pulmonary vein and typical right-angle
branching of the hyphae are indicated by arrows and arrow-
heads, respectively.
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scan showed an increasing number of small nodules along with
irregular dilation of the pulmonary veins in the right lung,
compared with the CT at admission (Fig. 4). Despite treatment
with amphotericin-B, right maxillary sinusitis developed, and
progressive respiratory failure caused his death. At autopsy, fungal
hyphae were found to have invaded the pulmonary vessels and
bronchi, which resulted in massive hemorrhagic pulmonary
infarction.

FIGURE 3. Irregular pulmonary vein dilation (case 2): chest CT
scan taken during the last admission shows bronchial wall
thickening (arrowhead) and irregular pulmonary vein dilation
(arrows) surrounded by ground-glass opacity.
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Pulmonary Venous Invasion of Zygomycosis

FIGURE 4. Irregular pulmonary vein dilation (case 3): chest CT
scan taken 2 weeks after the last admission shows irregular
pulmonary vein dilation (arrows) and increasing small nodules.

DISCUSSION

Although zygomycosis is the third most prevalent
cause of fungal infection after aspergillosis and candidiasis,
it is important to consider zygomycotic infection in patients
with immunocompromised status or hematological dis-
orders because of its high mortality rate.” Invasive
aspergillosis is the most important differential diagnosis
of zygomycosis. Radiologically, pleural effusion and
pulmonary artery pseudoaneurysm are characteristic fea-
tures of zygomycosis and are useful to distinguish between
the 2 diseases™®; however, these findings are thought to
emerge in the advanced stages of disease and to be rare.® In
the cases reviewed here, chest CT scans showed irregular
dilation of the pulmonary veins, which proved the invasion
by fungal hyphae on autopsy. As these changes preceded
the hemorrhagic brain infarction (case 1), pleural effusion,
and consolidation (cases 2 and 3), they can be regarded as
earlier and more frequent indicators of zygomycosis. There
may be several reasons why the development of venous
invasion occurs in the earlier stages of zygomycosis. First,
the pulmonary vein does not have a thick elastic layer
compared with the pulmonary artery. Second, as the
venous blood is better oxygenized than the arterial blood
in the lung, the fungi may be able to invade easily and grow
fast in the pulmonary veins. Thus, it is reasonable that the
pulmonary venous finding may help to make an earlier
decision for invasive diagnostic procedures or immediate
treatment.

Circulating levels of galactomannan Aspergillus anti-
gen are known to be a useful tool for the distinction
between zygomycosis and invasive aspergillosis. When the
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test result is negative, it is highly unlikely that the diagnosis
is invasive aspergillosis.” We observed a negative result for
serum galactomannan Aspergillus antigen, and also de-
creased neutrophils and use of azole antifungal agents
along with sinusitis or deferoxamine intake. This evidence
strengthens the conclusion that combining the negative
Aspergillus antigen result with other clinical information
may be beneficial for the diagnosis of zygomycosis. Early
diagnosis based on these characteristic findings can
contribute to curative operation, adequate antifungal
medication,® and the determination of involvement of other
organs.* However, because this study included only 3 cases
of zygomycosis, analyses of more cases are needed to verify
these radiologic and clinical findings.

In summary, we report 3 cases of pulmonary
zygomycosis occurring in patients with hematological
diseases. Irregular pulmonary venous dilation on chest
CT corresponds with autopsy findings of fungal angioinva-
sion. In addition to recognition of these characteristic CT
findings, assessment of characteristic clinical risk factors
may be useful for physicians to suspect the possibility of
zygomycosis in order to contribute to earlier diagnosis,
more successful treatment, and better clinical outcome.
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Abstract

Merkel cell polyomavirus (MCPyV) has recently been identified in Merkel cell carcinoma (MCC), an aggressive cancer that
occurs in sun-exposed skin. Conventional technologies, such as polymerase chain reaction (PCR) and immunohistochem-
istry, have produced conflicting results for MCPyV infections in non-MCC tumors. Therefore, we performed quantitative
analyses of the MCPyV copy number in various skin tumor tissues, including MCC (n =9) and other sun exposure-related skin
tumors (basal cell carcinoma [BCC, n=45], actinic keratosis [AK, n=52], Bowen'’s disease [n = 34], seborrheic keratosis [n =5],
primary cutaneous anaplastic large-cell lymphoma [n=5], malignant melanoma [n =5], and melanocytic nevus [n=6]). In
a conventional PCR analysis, MCPyV DNA was detected in MCC (9 cases; 100%), BCC (1 case; 2%), and AK (3 cases; 6%). We
then used digital PCR technology to estimate the absolute viral copy number per haploid human genome in these tissues.
The viral copy number per haploid genome was estimated to be around 1 in most MCC tissues, and there were marked
differences between the MCC (0.119-42.8) and AK (0.02-0.07) groups. PCR-positive BCC tissue showed a similar viral load as
MCC tissue (0.662). Immunohistochemistry with a monoclonal antibody against the MCPyV T antigen (CM2B4)
demonstrated positive nuclear localization in most of the high-viral-load tumor groups (8 of 9 MCC and 1 BCC), but not
in the low-viral-load or PCR-negative tumor groups. These results demonstrated that MCPyV infection is possibly involved in
a minority of sun-exposed skin tumors, including BCC and AK, and that these tumors display different modes of infection.
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Introduction the cellular DNA. A significant number of MCPyV-positive cases
are positive for the small-T (ST) antigen but do not express the
large-T (LT) antigen [30]. Recently, Neumann et al. found that all
integrated genomes had truncation mutations in the LT antigen
[31]. However, it may be difficult to address these issues without
a sensitive quantitative detection method.

In the present study, we investigated the frequency of MCPyV
infection in skin tumors, including MCC and other sun exposure-
related skin tumors, such as BCC, actinic keratosis (AK), and
Bowen’s disease (BD), in Japan. Other representative non-
melanocytic, melanocytic, and lymphoid skin tumors were also
included. We applied digital PCR in order to calculate the
absolute viral copy number per haploid human genome [32,33].
This method uses nanofluidic technology to randomly distribute
applied DNA molecules to multiple small reaction chambers at
a concentration of 0 to I DNA molecules per chamber. Target and
reference genes are simultaneously PCR-amplified with a dual-
color amplification reaction, and their copy numbers are then

Merkel cell carcinoma (MCC), which is a rare and aggressive
primary cutaneous neoplasm that affects elderly and/or immuno-
compromised individuals, tends to occur in sun-exposed skin [1].
The Merkel cell polyomavirus (MCPyV) was recently identified in
MCC [2], and its frequency in MCC has been reported to be
100% by immunohistochemical and/or polymerase chain reaction
(PCR) studies that were performed in western countries [2-23]
and in East Asia [24—27]. The monoclonal integration of MCPyV
DNA in host DNA has been demonstrated in neoplastic MCC
cells, indicating that the virus causes and/or promotes this specific
type of cutaneous neoplasm [2]. However, it remains unclear how
often MCPyV is associated with other cutaneous neoplasms and to
what extent racial factors influence the infection rates. In skin
tumors other than MCC, MCPyV has been detected at various
frequencies (0%—25%) by PCR. However, immunohistochemical
analyses have suggested that MCPyV is specific to MCC and is
absent from other skin tumors, including squamous cell carcino-

ma, basal cell carcinoma (BCC), and lymphoma [28,29]. MCPyV calculated by counting the numbers of signal-positive chambers.
; ’ . ’ it This PCR-efficiency-independent method is highly robust for

T-antigen expression may be suppressed in infected cells in certain > . . .
comparing copy numbers using different primer sets. The results

circumstances, even though MCPyV viral DNA is integrated into
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we obtained for viral load using this quantitative method revealed
the different biological characteristics of MCPyV in these tumors
and provided a reasonable explanation for the conflicting results
obtained so far.

Results

Diagnosis of MCC

The diagnosis of MCC was confirmed by the presence of
a perinuclear dot-like positive staining pattern for CK20 and
positivity for chromogranin A and synaptophysin (Table 1). None
of the other tumors, including a MCPyV-positive BCC tumor,
displayed the same staining pattern.

In our MCGC series, none of the MCC patients were
immunocompromised, except for Case 2 in which primary
MCC had developed within 2 months after a living donor liver
transplantation for fulminant hepatitis of unknown etiology. The
patient passed away after 18 months because of MCC recurrence
and metastasis. Cases 1, 4, 5, and 6 involved limited disease

Merkel Cell Polyomavirus Infection in Skin Tumor

without metastasis or recurrence, while Cases 2, 3, 7, 8, and 9
involved synchronous or metachronous metastases.

PCR Amplification of MCPyV from Skin Tumors

We first analyzed whether MCPyV DNA fragments were
present or absent in skin tumor tissues by conventional PCR.
Nested PCR was performed in order to detect the 6 MCPyV DNA
fragments using DNA samples extracted from tissue samples. The
results are presented in Fig. 1 and Table 2. Positive results were
obtained in all 9 MCC cases (100%), in 1 of 46 BCC cases (2.2%),
and in 3 of 52 AK cases (5.8%). No PCR amplification fragments
were observed in any of the other skin tumors, such as BD (n = 34),
seborrheic keratosis (SK; n=35), primary cutaneous anaplastic
large-cell lymphoma (PCALCL; n=5), malignant melanoma
(MM, n=35), or melanocytic nevus (MN; n=6). Among the 6
fragments examined, the ST and LT1 fragments were amplified in
13 and 12 cases, respectively, while LT2 was the fragment that was
most frequently absent from the tumors (it was only observed in 6
cases). As a result, all 6 fragments were amplified in 7 cases (4 of 9

Table 1. Clinicopathological data of Merkel cell polyomavirus (MCPyV)-positive skin tumors.

Age/ Tumor Clinical course

Case ize and follow up

MCC 1 71/F 2.1x2.0x1.8 cm

No recurrence or No
metastasis at 2 years

3 73/M 7.0x5.6x1.2 cm Primary buttock MCC No
with multiple inguinal

and pelvic lymph node
metastases. Death at

6 months with MCC.

No recurrence or No
metastasis at 70 months.

5 59/F 0.9 cm

7 76/F 5.4x3.5cm

Multiple liver metastases No
after 2 months. Death
at 3 months

9 92/F 4.1x2.5x2.5 cm Multiple lymph node No
metastases after 6 months.

Lost to follow up.

AK 1 83/F 1.0x1.0cm No

3 79/F 0.8x0.6 cm No

Immunocompromised
or not

Immunohistochemistry

dot, weak, -
30% 100%

dot & 100% weak,
cytoplasmic, 10%
90%

dot & 100% 100%
cytoplasmic,
80%

dot, 50% 90%
90%

dot, 20% 100%
60%

doi:10.1371/journal.pone.0039954.t001
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MCC, Merkel cell carcinoma; BCC, Basal cell carcinoma; AK, Actinic keratosis; CK20, Cytokeratin20.
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MCC, 1 BCC, and 2 of 3 AK). In MCC, all 6 MCPyV fragments
were detected in cases involving limited disease without distant
metastases (Cases 1, 4, and 6), while 1 or more of the fragments
was absent in 5 cases, 4 of which involved synchronous or
metachronous metastases (Cases 2, 3, 7, and 8). The amplification
pattern was the same in the primary and metastatic tumors in
Cases 2 and 3, but an additional loss of amplification was observed
in 1 of the 2 metastases in Case 8. PCR amplifications were
unstable in AK cases 2 and 3 where we observed significant gel
bands 2 to 4 times in 5 to 6 trials of the ST, VP1, and VP2 assays.

All PCR fragments in positive MCC, BCC, and AK cases were
subjected to DNA sequencing and confirmed to belong to the
MCPyV sequence. The full-length T-antigen sequence of MCPyV
from the BCC case was not determined because of the small
amount of available DNA.

Immunohistochemical Analysis of the MCPyV T Antigen
in Skin Tumors

Immunohistochemical analyses of MCPyV were performed to
determine the cellular localization and histological distribution of
the virus in tumor tissues. Full-section skin-tumor slides were
immunohistochemically analyzed with an antibody (CM2B4)
against the MCPyV T antigen (Fig. 2). Most MCC cases (8/9)
and 1 BCC case (1/46) were positive for the MCPyV T antigen,
and they all were also found to be positive in the PCR analysis
(Table 2). A diffuse nuclear staining pattern was observed in most
of the positive cases. The labeling ratio ranged from 80% to 100%,
except for in 1 case (Case 1, 30%). The staining intensity of the
tumor cell nuclei was strong in 4 cases, including the BCC case,
while it was diffusely weak and/or heterogeneous in the other
cases. In contrast to the positive PCR results, no positive staining
was observed in AK tumors. No immunoreactivity for the MCPyV
T antigen was detected in BD (n=34), SK (n=5), PCALCL
m=135), MM (n=15), or MN (n = 6) tissues, and these results were
consistent with the PCR results.

Copy Number of MCPyV in Skin Tumors
In order to further investigate the mode of infection and
discrepancies between the PCR and immunohistochemistry

S
Merkel cell carcinoma o) AK &
* * * * (%
1 23 45 6 7 8 9 1 1 2 3

= S W S e W
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results, we performed digital-PCR-based quantitation of the
absolute viral copy number per human genome in MCPyV-
infected tumor tissue. Digital PCR analyses were performed using
a DNA template that was extracted from full-section slides. Case 4
was excluded from the digital PCR analysis because its tumor cell
ratio was very low (approximately 3%). We designed a MCPyV-
specific primer set that targeted the ST region because this
fragment was amplified in all infected cases in the present study
(Fig. 1 and Table 1). The ST region overlaps with the target
regions of the LT3 primer sets that were used in previous studies
[8,29,34]. In order to avoid possible assay errors due to MCPyV
sequence diversity, we confirmed the digital PCR results with an
additional second primer set and found that those results were
reproducible (data not shown). As a human genome reference, we
used the RNaseP gene, a single copy of which exists per human
haploid genome [32,33]. We performed a dual-color assay and
used the results to calculate the absolute viral copy number per
haploid human genome (Fig. 3). In MCC, the tissue viral load
varied from 0.119 to 42.843 (copies/haploid genome), but was
mostly distributed around 1 (Fig. 3 and Table 2). The viral load
was generally lower by 1 order of magnitude in AK tissue (between
0.019 and 0.068). The negative immunohistochemical results for 1
MCC and 3 AK cases were clearly linked to their low viral loads.
The viral load of MCPyV-positive BCC was more similar to that
of MCC: tumors (0.662).

Methylation Status of Skin Tumors

The epigenetic silencing of tumor suppressor genes, such as the
RASSFIA promoter, plays a characteristic and essential role in
cancer development. Host RASSFIA DNA hypermethylation has
been demonstrated in SV40 polyomavirus-related tumors and cell
lines and in some cases of MCC [35,36]. Thus, our skin tumor
samples were subjected to methylation-specific PCR analyses.

RASSFI1A hypermethylation was detected in 6 of 9 MCC cases
(67%), 7 of 46 BCC cases (15%), and 1 of 52 AK cases (1.9%)
(Table 2). Interestingly, RASSFIA promoter hypermethylation
was also observed in MCPyV-positive BCC. No promoter
hypermethylation was seen in any other of the following skin
tumors: PCALCL (n=15), MM (n=15), MN (n=6), SK (n=5), or

Ce, /{9

ST

LT1 (1017-1170)
LT2 (2057-2207)
VP1
VP2
VP3

cdc25

Figure 1. Polymerase chain reaction (PCR) amplification of the Merkel cell polyomavirus in the skin tumors. Six MCPyV gene fragments
were detected in Merkel cell carcinoma, basal cell carcinoma (BCC), and actinic keratosis (AK). Cases involving synchronous or metachronous
metastases are marked with an asterisk. Specific PCR fragments, including large T (LT)2, VP1, and VP2, were not amplified constantly in AK cases 2 and
3 (see text). To clarify, we replaced this part with a picture of successful amplification in another trial. Abbreviations: BCC, basal cell carcinoma; AK,
actinic keratosis; 293T, polyomavirus SV40 T antigen-positive 293 cells. The lower panel indicates the single PCR proliferation band of the CDC25

gene.
doi:10.1371/journal.pone.0039954.g001
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positive skin tumors.
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Table 2. Polymerase chain reaction, immunohistochemistry, and viral copy number per haploid human genome of MCPyV-

IHC

ST LT1 LT2 VP1 VP2 VP3 (MCPyV)

Case

IHC staining
pattern

RASSF1A
hypermethylation

viral CN per haploid Tumor
human genome ratio

+(§0%)

+(100%)

strong diffuse
weak diffuse

heterogeneous
diffuse

1.361 4 M/U

+(80%)

+(100%)

| H100%)
+100%)

BCC 1 + o+ + + + +

heterogeneous
diffuse

strong diffuse

rong iff

strong diffuse

1.253 4 u

0.759 4

M/U

M/U

doi:10.1371/journal.pone.0039954.1002

BD (n=34). No promoter hypermethylation of FHIT or
CDKN2A was identified in MCC, BCC, AK, or other skin
tumors (data not shown).

Discussion

In the present study, the frequency of MCPyV infection in
various skin tumors was analyzed by conventional PCR and
immunohistochemistry, and digital PCR technology was applied
to calculate the absolute viral copy number per haploid genome in
these tumor tissues.

The 100% PCR-based MCPyV detection rate that was
observed in MCC in this study was compatible with the findings
of studies performed in the US and Europe, but it was somewhat
higher than those reported in Australia and Japan [2-5,9,18,24].
The MCPyV detection rates in 2 reports from Europe [10] and
Asia [26] were over 90%, and this was similar to our detection
rate. One of the reasons for our 100% positive PCR results may be
due to a simple sampling problem because of the limited number
of cases, and another possible reason was MCPyV sequence
polymorphism within primer design regions. In the present study,
the nested primer sets targeting 6 different regions of MCPyV
were adopted for viral detection [24]. Interestingly, loss of the LT2
fragment was frequently observed in metastatic MCC and in
primary MCC that produced metastases. While all 6 MCPyV
fragments were amplified in 3 of the 4 cases involving limited
disease, the LT2 fragment was absent from 4 of the 5 cases
involving synchronous or metachronous metastases. While it could

@ PL0S ONE | www.plosone.org

IHC, immunohistochemistry; MCC, Merkel cell carcinoma; BCC, Basal cell carcinoma; AK, Actinic keratosis; MLNM, Multiple lymph node metastases; ST, small T; LT, large T;
CN, copy number, Tumor ratio: 1, <10%; 2, >10% and <30%; 3, >30% and <70%; 4, >70%.

be due to sequence diversity in these regions, it is possible that
extensive somatic mutations or deletions in these regions could be
associated with tumor progression. A previous study found that
a mutation in the LT region produced oncogenic effects through
a prematurely truncated LT protein [30,37]. Similar events have
been demonstrated to be involved in the transformation process in
animal polyomavirus models [38—41].

The presence and pathogenesis of MCPyV DNA in skin
tumnors other than MCC are controversial. In previous studies,
MCPyV DNA was amplified by PCR from 32% of sporadic
non-melanoma skin cancers, including BCC (36/96, 37.5% and
3/24, 12.5%), SCC (7/28, 25%), and BD (4/23, 17.4%) [4,42].
In contrast, an immunohistochemical study did not detect any
positive BCC or SCC cases [28]. The major problem with these
previous studies was the lack of a method for quantitatively
assessing viral infection. Conventional PCR can amplify very
small amounts of viral DNA and provide us with the same
positive results in spite of different viral loads, whereas the
immunohistochemical method is dependent on the level of
protein expression and it is difficult to reliably detect low levels
of proteins. In the present study, we used digital PCR
technology to calculate the absolute viral load per haploid
human genome. The nanofluidic-based physical separation of
cach DNA template makes this technology highly robust,
despite differences in the PCR efficiencies of different primers,
such as RNaseP and MCPyV ST. Assessing the absolute viral
load per haploid human genome is highly informative. First, the
viral load differed markedly between MCC (0.37-42.8) and AK

June 2012 | Volume 7 | Issue 6 | e39954
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Figure 2. Morphology and immunohistochemical staining. Representative cases of Merkel cell carcinoma (MCG; A, B), a basal cell carcinoma
(BCQ)-positive case (C, D), and a BCC-negative case (E). Immunohistochemical staining with the anti-MCPyV large T-antigen antibody (CM2B4) (B, D, E).
Heterogeneous and diffuse staining was observed in MCC (B), and strong diffuse positivity (D) and total negativity (E) was detected in BCC. Inset:

Nuclear staining of MCPyV in MCC (B) and BCC (D,E).
doi:10.1371/journal.pone.0039954.g002

(0.02-0.07), suggesting that the biology of MCPyV infection
differs between these 2 tumor groups. Second, there was a strong
correlation between the immunohistochemical findings and viral
load, which explains the conflicting results that were obtained
with conventional PCR and immunohistochemistry. One
possibility is that MCPyV-containing lymphocytes infiltrate
within or around the atypical epidermis in AK. Another
possibility is the infection of a small subset of tumor cells. It is
worth noting that a lack of immunostaining and a relatively low
copy number were observed in 1 MCC case (0.119 in Case 5).
Therefore, we could not rule out the possibility that MCPyV
had infected AK cells in our AK cases, and further studies are
needed to examine this. Third, in most MCC cases, the
MCPyV copy number per haploid genome was around .
Taking the diffuse immunohistochemical staining seen in the
majority of MCC cells into account, there is a realistic
possibility that each MCC cell had clonally integrated 2 copies
of the MCPyV genome, which could not be the case for AK.

In the present study, we observed the presence of MCPyV DNA
fragments in 1 of 46 BCC cases (2.2%). The strong and diffusely
positive immunohistochemical staining and moderate viral load
(compared to that observed in the MCC) observed in this tumor

?@,‘. PLoS ONE | www.plosone.org

confirmed that it had been infected by MCPyV. These findings
suggest that MCPyV may also contribute to the development of
the minority of sun-exposed skin tumors in addition to MCC.
Interestingly, hypermethylation of RASSFIA was detected in this
case of BCC, as was found in two-thirds of the MCC cases.
Hypermethylation of host DNA has been detected in SV40
polyomavirus-related tumors and cell lines as well as in some
MCC [13,14]. MCPyV infects progenitor skin endocrine cells, but
it may sometimes infect cells that can differentiate into other cell
types.

Although further studies are needed for a complete understand-
ing of these results, our quantitative analysis of the viral load per
haploid genome revealed that MCPyV infection displays different
biological characteristics and epidemiology in skin tumor tissues.

Materials and Methods

Tissue and Cell Samples

Skin tumors, which were surgically resected or biopsied from
1996 to 2009, were retrieved from the database of the Department
of Pathology, Tokyo University Hospital. Each histological
diagnosis was independently confirmed by S.O and Y.T. Skin

June 2012 | Volume 7 | Issue 6 | 39954
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Figure 3. MCPyV copy number in various skin tumors. (A) Digital
PCR software-generated composite heat maps showing chambers with
positive signals for both control RNaseP genes (blue) and MCPyV (red).
Digital PCR heat maps are indicated in the upper panel for Merkel cell
carcinoma case 6, in the middle panel for basal cell carcinoma (positive
case), and in the lower panel for actinic keratosis (case 1). (B) Scatter
plot of the MCPyV copy number of Merkel cell carcinoma, basal cell
carcinoma, and actinic keratosis. Immunohistochemically positive cases
are shown as black dots (M), and negative cases are indicated by
triangles (A).

doi:10.1371/journal.pone.0039954.g003

tumors used in this study included MCC (n=4), BCC (n=46),
AK (n=52), BD (n=34), SK (n=35), PCALCL (n=35), MM
(n=5), and MN (n=6). Additionally, 5 cases of MCC from
Toranomon Hospital were also analyzed. All of these tumors were
fixed by formalin and embedded in paraffin for diagnostic
purposes. Immunostaining of CK20, synaptophysin, and chromo-
granin A was used to confirm the diagnosis of MCC. This study
was approved by the University of Tokyo Institutional Ethical
Committee. Clinical samples with written informed consent were
collected under the University of Tokyo Institutional guidelines for
the study of human tissues.

As for the cultured cells, 293T cells (American Type Culture
Collection, Manassas, VA) were maintained, as described pre-
viously.

Preparation of DNA from Paraffin-embedded Clinical
Material

Serial sections of tumor specimens were subjected to hematox-
ylin and eosin staining, immunohistochemistry, and DNA
preparation. To isolate DNA from formalin-fixed paraffin-
embedded skin tumor samples, 3 10 pum-thick sections were
placed into 1.5-mL sterile tubes, and a DNeasy Tissue Kit
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(QIAGEN GmbH, Hilden, Germany) was used to purify DNA
according to the manufacturer’s instructions. Extracted DNA was
used for PCR and digital PCR.

PCR Primers for Polyomavirus DNA

The quality of DNA was checked by amplifying the cdc25
(forward: 5'-TGGTGGGCCAAACACTATCC-3', reverse: 5'-
ATCGTTGGGCTCGCAGATCACC-3") and glyceraldehyde-3-
phosphate dehydrogenase (forward: 5'-GAAGGTGAAGGTCG-
GAGTC-3', reverse: 5'-GAAGATGGTGATGGGATTC-3")
genes.

For MCPyV detection, 6 nested primer sets, including primers
for ST, LT, and VP1-3 regions were prepared, and nested PCR
was performed, as described previously [24], with 40 ng of
extracted DNA.

DNA Sequencing

PCR-amplified fragments of MCPyV and other polyomaviruses
were purified using MicroSpin  $-300 HR  Columns (GE
Healthcare, Piscataway, NJ), and purified PCR products were
then applied to an ABI sequencer (Life Technologies Corporation,
Carlsbad, CA) and analyzed according to the manufacturer’s
protocol. All sequences of PCR-amplified fragments were com-
pared to each other for similarity using NCBI-BLAST and were
fully matched with the Merkel cell polyomavirus genome
sequence, which was already reported [37]. Additional Merkel
Cell Polyomavirus sequencing for hot spot in Large T antigen was
analyzed in Figure S2.

Antibodies and Immunohistochemistry

Immunohistochemistry was applied to formalin-fixed and
paraflin-embedded tissue samples in all cases. Immunohistochem-
istry was performed with monoclonal antibodies against the
MCPyV LT antigen (CM2B4; Santa Cruz Biotechnology, Inc,
Santa Cruz, CA, 1:50 dilution), CK20 (Leica Microsystems Inc,
Buffalo Grove, IL, 1:100 dilution), chromogranin A (Dako
Denmark A/S, Glostrup, Denmark, 1:200 dilution), and synapto-
physin (Dako Denmark A/S, 1:100 dilution). Immunohistochem-
istry was performed according to standard techniques on
a Ventana Benchmarks XT Autostainer (Ventana Medical
Systems, Inc, Tucson, AZ) with the labeled streptavidin-biotin
peroxidase method and diaminobenzidine visualization. Appro-
priate positive and negative controls were included for each
immunohistochemical experiment.

Nuclear staining was considered to indicate positivity for the L'T
antigen of MCPyV.

Copy Number Assessment Using Digital PCR

A primer set targeting the ST region, which overlaps with the
target regions of the LT3 primer sets used in previous studies, was
designed (STF 576: 5'-TCGCCAGCATTGTAGTCTAAAAAC-
3'; STR 668: 5'-CCAAACCAAAGAATAAAGCACTGA-3', and
ST probe: 5~ AGCAAAAACACTCTCCCCACGTCAGACA-3')
(Fig. S1). For additional digital PCR quantification, a second
primer set was designed (STF 550: 5'-TGCGCTTGTAT-
TAGCTGTAAGTTGT-3'; STR 640: 5'-AAAACACTCTCCC-
CACGTCAGA-3'; and ST  probe:  5'-AGCAAAAA-
CACTCTCCCCACGTCAGACA-3").

For each panel, 10 UL of reaction mixture containing 1 X
TaqMan Gene Expression Master Mix (Life Technologies), 1 X
RNase P-VIC TagMan assay, 1 x MCPyV ST-FAM TagMan
assay (900 nM primers and 200 nM probe), 1 x sample loading
reagent (Fluidigm Corporation, South San Francisco, CA), and
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3.5 UL of extracted genomic DNA was prepared. The reaction
mix was applied to the 12.765 digital array, which contained 765
small chambers for each sample, and was analyzed using the EP-1
system (Fluidigm Corporation) [33]. Thermocycling conditions
included an initial step of 95°C: for 10 min, which was followed by
40 cycles of 2-step PCR: 15 s at 95°C: for denaturing and 1 min at
60°C for annealing and extension. Data was transformed from the
observed positive chamber count to the estimated copy number
using the mathematical formula described by Dube S et al. [32],
and the absolute viral copy number per haploid genome was
defined as the ratio of MCPyV ST copy number to RNaseP copy
number. Tumor cell ratios were counted and graded as follows: 1,
<10%; 2, >10% and <30%; 3, >30% and <70%; or 4, >70%.
The absolute viral copy number per haploid genome by the
second primer showed similar results (data not shown).

Methylation-specific PCR (MS-PCR)

Methylation analysis was performed to evaluate the promoter
hypermethylation status of MCC, BCC, and AK. The promoter
regions of RASSFIA, CDKN2A, and FHIT were examined, as
described previously [10]. The extracted template DNA was
modified by the bisulfite reaction using an EpiTect Bisulfite kit
(QIAGEN GmbH). Methylation status was distinguished by MS-
PCR using sequence-specific primer pairs. MS-PCR experiments
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Abstract

Background: Cellular senescence can be a functional barrier to carcinogenesis. We hypothesized that inflammation
modulates carcinogenesis through senescence and DNA damage response (DDR). We examined the association between
senescence and DDR with macrophage levels in inflammatory bowel disease (IBD). In vitro experiments tested the ability of
macrophages to induce senescence in primary cells. Inflammation modulating microRNAs were identified in senescence
colon tissue for further investigation.

Methodology/Principal Findings: Quantitative immunohistochemistry identified protein expression by colon cell type.
Increased cellular senescence (HP1y; P=0.01) or DDR (yH2A.X; P =0.031, phospho-Chk2, P =0.014) was associated with high
macrophage infiltration in UC. Co-culture with macrophages (ANA-1) induced senescence in >80% of primary cells
(fibroblasts MRC5, WI38), illustrating that macrophages induce senescence. Interestingly, macrophage-induced senescence
was partly dependent on nitric oxide synthase, and clinically relevant NO- levels alone induced senescence. NO- induced
DDR in vitro, as detected by immunofluorescence. In contrast to UC, we noted in Crohn’s disease (CD) that senescence
(HP1y; P<<0.001) and DDR (yH2A.X; P<<0.05, phospho-Chk2; P<<0.001) were higher, and macrophages were not associated
with senescence. We hypothesize that nitric oxide may modulate senescence in CD; epithelial cells of CD had higher levels
of NOS2 expression than in UC (P=0.001). Microarrays and quantitative-PCR identified miR-21 expression associated with
macrophage infiltration and NOS2 expression.

Conclusions: Senescence was observed in IBD with senescence-associated B-galactosidase and HP1y. Macrophages were
associated with senescence and DDR in UC, and in vitro experiments with primary human cells showed that macrophages
induce senescence, partly through NOe, and that NOe can induce DDR associated with senescence. Future experiments will
investigate the role of NO- and miR-21 in senescence. This is the first study to implicate macrophages and nitrosative stress
in a direct effect on senescence and DDR, which is relevant to many diseases of inflammation, cancer, and aging.
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Introduction IBD patients are duration and extent of inflammation. Patients
with ulcerative colitis (UC), a subtype of IBD, develop colon
cancer with a five-fold overall relative risk compared to
population controls [2]. Colon tissue from IBD patients has
been used to study the relationship between inflammation and
cancer, with an emphasis on DNA damage. IBD is associated

Inflammatory bowel disease (IBD) is associated with high
morbidity, poor quality of life and an increased risk of colon
cancer in over 3.5 million people in the United States and
Europe, with a steadily growing prevalence in Asia [1]. The
most important risk factors for colon cancer development in
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with increased etheno-DNA adducts [3], microsatellite instability
[4], p53 mutational load [5] and clonal expansion of cells with
mutations in polyguanine tracts [6]. UC tissues show initial
activation of p53 in response to nitric oxide (NOe) (7], and
eventual inactivation of p53 with increasing mutation load [5],
resulting in a pattern of mutation unique compared to
spontaneous colon cancer [8].

Evidence suggests that senescence acts as a barrier to
carcinogenesis in UC and that this barrier is reduced in
dysplastic lesions [9]. Inflamed colons from UG patients have
increased expression of the DNA damage response pathway
(DDR) sensor protein YH2A.X [10], which leads to activation of
the stress-associated p53 pathway. DDR is implicated in the
induction of premature cellular senescence [11,12], indepen-
dently of telomere length, which classically regulates senescence
[13] in cellular aging. Prosenescent cytokines [14], WNTI16
[15], and the Rb/pl6 [16] pathway (through its induction of
heterochromatin formation with HP1y positive foci [17]), have
all been implicated in premature cellular senescence. Premature
cellular senescence halts carcinogenesis by limiting the prolifer-
ation of cells in the early stages of carcinogenesis [12,18-20].
Senescence during inflammation is not well studied, but
experiments i vifro have shown increased p53 and p2l, in
response to oxidative stress induced senescence [21,22].
Flucidating the cause and outcome of inflammation-associated
senescence is relevant for the 25% of human cancers associated
with chronic inflammation and infection [23,24].

Macrophages are a key component of a chronic inflammatory
response and constitute part of the heterogeneous population of
cells in tumors. Macrophages and NOe has been implicated in
the activation of p53 [7] in IBD and the activation of the Akt
pathway in breast cancer [25]. In addition, tumor-associated
macrophages are implicated in carcinogenesis [26,27]. We
hypothesized that macrophages accelerate cellular senescence
in epithelial cells at risk for carcinogenesis through the DNA
damage pathway, in a NO+ -dependent manner. NOe secreted
by macrophages rapidly decreases in concentration with
diffusion [28], thus cells may be exposed to different levels of
NO- depending on distance from an NOs producing macro-
phage [29]. Stromal fibroblasts can be cellular targets of NOe
and become senescent and secrete pro-inflammatory cytokines
such as TL-6 and IL-8 [30]. We quantified macrophages in the
lamina propria using quantitative immunohistochemistry (IHC)
to identify macrophage numbers within the mucosa (i.e.
macrophage infiltration). Levels of macrophage infiltration were
correlated to DDR and senescence. Normal colonic epithelial
cells can produce endogenous NOs, thus we also measured
levels of NOS2 by IHC in the epithelium. Further, we
determined if macrophages and NOe induce cellular senescence
in vitro.

MicroRNAs (miRs) have been shown to be involved in nearly
every biological process examined, including inflammation and
senescence. To investigate the potential for miRs to be involved in
macrophage or NOS2- induced senescence, we also evaluated the
association of microRNAs with macrophage infiltration and
NOS2 in IBD, and colonic adenomas.

Methods and Patients

Ethics Statement
This study was approved by the Institutional Review Board of
the National Cancer Institute (OHSRP 3637, OHSRP 3961).
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Tissues

Colon tissues from UC and CD patients and colon adenomas
were obtained from the Cooperative Human Tissue Network
(Philadelphia, PA; Table S1). Two samples with varying degrees of
gross inflammation were taken from each patient. Normal colons
were obtained from University of Maryland, with tissues collected
within 2 hours of death from patients who died of traumatic
causes, were donors for organ transplants, and had no diseases
related to the colon or chronic inflammation (Department of
Pathology, University of Maryland, Baltimore, MD). Consent for
the use of the tissues for research purposes was provided by next of
kin or legally responsible individual on behalf of the deceased prior
to the autopsy being performed. Investigators were not provided
with any personal identifiers for these tissues and all patients were
anonymous. Detailed clinical history was not provided, and the
information on the extent of disease involvement in the small and
large bowels was limited.

Tissues for IHC were fixed in 10% neutral buffered formalin,
and embedded in paraffin. Samples without epithelial cells were
excluded. A total of 29 UC colons, and 32 CD colons, and 5
normal colons met these criteria.

Immunohistochemical Analysis

Immunohistochemistry (IHC) for DDR markers YH2AX,
phospho-Chk2, p53, and p2IWATL Gyas quantified by counting
the number of positive epithelial cells versus total epithelial cells in
three 250x magnification fields. An average of 3214 (UC) and
3178 epithelial cells (CD) were counted per sample in a blinded
fashion by H. Y, a board certified pathologist. THC for the
monocyte and macrophage marker, CD68, was quantified by
counting the number of stromal cells in the lamina propria. IHC
for NOS2 was quantified by counting the number of epithelial and
stromal cells in the lamina propria. Percent positivity was
calculated by dividing the number of positive cells over total cells
for each enumerated marker. For HPly, a combined score of
intensity and distribution was used to score staining on a scale of
1-4 [31] to reflect the marked differences in both intensity and
number of positive cells between UC and CD. All antibodies and
further details are available in Materials and Methods Sl1.
Antibodies for total Chk2 were tested by immunoblot for
specificity (Figure S1) as described in the Materials and Methods
S1.

Coculture and Cell Culture Treatment

Normal human fibroblast strains MRC-5 and WI-38 (Coriell
Institute for Medical Research, Camden, NJ), and murine
macrophage strain ANA-1 [32] were grown in phenol red-free
DMEM supplemented with 10% FBS (Biofluids, Rockville, MD),
4 mM glutamine (Biofluids), penicillin (10 units/ml), and strepto-
mycin (10 ug/ml, Biofluids).

Cocultures were established by seeding 2500 normal human
fibroblasts and 833 macrophages per well (3:1 ratio) in a 6-well
dish with 2 mL of media and cultured for 7 days. 200 pL of media
was removed and replaced each day to replenish media contents.
Fibroblasts were exposed to spermine NONOate (Sper/NOs;
Sigma-Aldrich, St. Louis) as a NO« donor, or hydrogen peroxide
(control) overnight (16 hrs) to evaluate induction of senescence in
normal human fibroblasts. All experiments were repeated three
times with three technical replicates for each repetition. At least
1500 cells were evaluated for senescence in each repetition using
senescence-associated B-galactosidase (SA B-gal) buffer at pH 6.0
[33]. See Materials and Methods S1 for further details.
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Results

UC and CD have Increased Macrophage Infiltration
Compared to Normal Tissues

Both UC and CD had increased densities of macrophages,
indicated by CD68+ cells, when compared to normal colons
(P<0.05; Figure S2), reflective of the increased inflammation
expected in UC and CD. UG and CD colons showed similar
numbers of macrophages (7>0.05) compared to each other. The
number of CD68+ cells was used to stratify tissues for this study;
colons with macrophage numbers above the median were defined
as having “high macrophage index”.

Macrophage Infiltration is Positively Associated with
Cellular Senescence in UC

We measured HP1y as an indicator of cellular senescence in
formalin-fixed paraffin-embedded (FFPE) tissue. HP1ly localizes
to senescence-associated heterochromatin foci i wvitro [17], and
correlates to SAB-gal [33] in fresh colonic adenomas [12]. High
macrophage index was associated with elevated staining for
HPly in colonic epithelial cells of UC patients (P=0.01).
Macrophages in UC correlated with HPly in epithelial cells
(P=0.025; Spearman =0.43), indicating that macrophage infil-
tration is associated with senescence in nearby epithelial cells. In
contrast, CD colonic epithelial cells had higher levels of HPly
than UC (P<0.001; Figure 1A). HPly was not associated with
high macrophage index in CD patients (Figure 1A), suggesting
there may be other factors contributing to senescence in CD
versus UC. Examples of strong HP1y in CD, moderate staining
in UC, and negative staining in normal tissues is shown
(Figure 1B-D). Strong staining in colon adenoma (positive
control) is shown in Figure S3E.

We next examined senescence-associated P-galactosidase (SAf-
gal) activity in frozen sections of UC and CD patients to confirm
the presence of cellular senescence because enzyme activity is
considered the gold standard. Fresh tissue is optimal for testing
enzyme activity, but only archival frozen tissue was available for
this study. Long-term storage of archival tissue may degrade
enzyme activity, leading to false negatives, yet we were able to
detect SAB-gal activity in 13/21 (62%) UC and in 14/38 (37%)
CD colons, illustrating for the first time that SAB-gal-associated
senescence is present in IBD tissue (Figure S3A-D). Immortalized
normal human fibroblasts treated with Nutlin-3A [34] were used
as positive controls.

Activation of DDR (y-H2A.X and Phospho-Chk2) is Higher
in CD and UC than in Normal Tissue

We determined levels of DDR markers associated with
premature senescence [11,12] by IHC in the epithelial cells of
IBD and normal colons. UC and CD colons showed increased
levels of YH2A.X (P<0.05; P<0.001), phospho-Chk2 (P<0.01,
P<0.001), p53 (P<0.01), and p21 (P<<0.05) when compared to
normal colons (Figure 2A). No increase was observed in total Chk2
in IBD versus normal colons, consistent with previous data that
Chk?2 is unchanged during colon carcinogenesis [11].

We found that UC colons had lower levels of DDR compared to
CD, based on YH2A.X (P<<0.05) and phospho-Chk2 (P<0.001)
staining. No differences were observed in total Chk2, p53 or p21
between CD and UC (Figure 2A). Examples of staining patterns
are shown in Figure S4.
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Macrophages are Positively Associated with Activation of
DDR in UC

We examined if high macrophage index was associated with
activation of DDR. In UC patients, high macrophage index was
associated with increased YH2A.X (P=0.031) and phospho-Chk2
(P=0.014; Figure 2B) in colonic epithelium. No significant
differences were observed for p53, or p2l, although p21 was
marginally increased in tissues with higher macrophage index
(Figure 2B). In colons from CD patients, macrophage index was
not associated with either activation of the DDR pathway or
immunopositivity of p21 (Figure S5).

We hypothesized that macrophages directly induce senescence,
based on the data from UC tissues. To test this, we performed the
following in witro experiments with macrophages and primary
human cells.

Macrophages cause NOs Induced Cellular Senescence in
vitro

To investigate the role of macrophages in the induction of
senescence n oifro, normal, primary human fibroblast strains
MRCS5 and WI38 were cocultured with macrophages for 7 days
and evaluated by the SA-Bgal assay. Fibroblasts are relevant
because senescent stromal cells can produce proinflammatory
cytokines that may influence the senescent state of epithelial cells.
Approximately eighty percent of fibroblasts cocultured with
macrophages were positive for SA-Bgal, and showed more
senescent blue-stained cells compared to fibroblasts grown alone
(Figure 3A; WI38, P=0.002; MRC3, P=0.003).

To determine if NOs produced by macrophages may be capable
of inducing senescence in stromal fibroblasts, macrophages and
fibroblasts were cocultured in media with and without the NOe
synthase inhibitor M-nitro-l-arginine methyl ester (L-NAME,
500 uM, Sigma-Aldrich, St. Louis). DAF-FM diacetate (4-
amino-5-methylamino-2’, 7’'-difluorofluorescein diacetate; DAF,
Invitrogen, Carlshad) was used to assess the amount of NOs
diffused into the media of cocultured cells. As expected, L-NAME
led to decreased NOe present in the media of cocultures (Figure 3B;
WI38, P=0.008, MRC3; P=0.03). After exposure to coculture,
fibroblasts were fixed and stained for SA-Bgal activity at pH 6.0,
resulting in blue substrate in senescent cells (Figure S6.) Cocultures
grown in the presence of L-NAME showed decreased blue SA-
Bgal positive cells (Figure 3A; WI38, P=0.002; MRC5, P=0.003).
This suggested that NOe is at least partially responsible for
macrophage-induced senescence.

To determine if NOe alone could induce cellular senescence,
normal human fibroblasts were exposed to clinically relevant levels
of NO» and examined for SA-PBgal activity. To achieve target
steady state levels of 4.5 nM, 15 nM and 50 nM NOs, fibroblasts
were incubated with 0.9 pM, 3 uM and 10 uM of the NO+ donor
Spermine NONOate (Sper/NOe). These doses were chosen
because they are consistent with known levels of steady state
NO- secreted by macrophages in vitro [35,36] and levels of NOs»
detected in ulcerative colitis [37]. NOe concentrations at or below
50 nM are below the limit of detection for our NOe gas analyzer.
To confirm that Sper/NOs was producing NOs levels near our
target concentration, we measured NOe produced by 100 uM
Sper/NOe (expected concentration of 500 nM NO») and found
steady state levels of 380 nM NO-s at 4 hours (Figure S7; SD
*35 nM; n = 3), similar to the expected concentrations calculated
from our previously published data [29]. Treatment with 3 uM
and 10 uM, but not 0.9 uM, Sper/NOs induced enlarged SA-Bgal
positive cells (P<0.0001; Figure 3C; Figure S6). Thus, levels of
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Figure 1. Senescence is induced in inflammatory bowel disease colons in association with infiltrating macrophages. Senescent
epithelial cells were identified by HP1y immunohistochemistry. Categorical scores reflecting intensity and distribution are shown as negative, weak,
moderate, and strong. A) Colons from normal patients were negative for senescence-associated HP1y. Ulcerative colitis and Crohn’s disease colonic
epithelial cells were positive for HP1y. Crohn'’s disease colons had a greater percentage of HP1y positive cells than ulcerative colitis colons (P<<0.001).
HP1y was associated with high macrophage index (P=0.01) in ulcerative colitis colons, but no such difference was observed within Crohn’s disease.
B) A representative picture of a Crohn’s colitis crypt with strong HP1v, C) a representative picture of ulcerative colitis crypt with weak staining, and D)
a representative picture of normal autopsy tissue with negative staining. All are shown at 400 x magnification. Epithelial and stromal HP1y positive

staining cells are shown in brown, with blue-purple hematoxylin counter stain in surrounding cells.

doi:10.1371/journal.pone.0044156.g001

NOs that are physiologically relevant to IBD induce senescence in
a dose-dependent manner.

To determine if DDR is upregulated in cells induced into
senescence by NOs, we performed immunofluorescence for
vH2A.X in MRC5 cells treated with 10 pM Sper/NOe. Indeed,
Sper/NOe treated cells showed increased levels of YH2A.X foci,
compared to untreated control cells (Figure S8.).

Higher Levels of NOS2 Expression in CD Correlates with
Higher Levels of Senescence-associated HP1y
Macrophages were associated with senescence in epithelial cells
in UC, but thus far we could not identify a driver of senescence in
CD. Based on our i vitro studies that identified NOe as an inducer
or senescence, we hypothesized that NOe, secreted by macro-
phages and produced by epithelial cells themselves may modulate
senescence. To study this model of extracellular and intracellular-
induced senescence, IHC for NOS2 was performed on tissue.
Significantly more epithelial cells were positive for NOS2 in CD
than in UC (Figure 4; P=0.0017) while no significant difference
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was observed comparing stromal cells of CD and UC. Increased
levels of epithelial NOS2 in CD were consistent with an increase in
senescence-associated HP1y in CD compared to UC (Figure 1A).
We were not able to stratify CD tissues to investigate if epithelial
cell NOS2 expression correlated with senescence because all CD
tissues had high senescence, possibly due to the combined effects of
NO- from macrophages and intracellular NOe from epithelial
cells. There are no primary epithelial cells of a colonic origin to
test our proposal that NOe from epithelial cells is directly related to
senescence in vitro. We introduce the hypothesis that intracellular
(epithelial) NOe may be involved in senescence in CD, and this
may be tested should appropriate model systems become available.

MicroRNAs are Associated with NOS2 and Senescence
After establishing that macrophages are associated with
senescence in UC, and directly induce senescence in an NOe-
dependent fashion i vitro, we performed microRNA microarray
expression analysis on RNA extracted from both UC and CD
tissues to identify candidate microRNAs which may have a role in
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Figure 2. DNA damage response pathway and p21 are upregulated in inflammatory bowel disease and the DNA Damage response
pathway is associated with high macrophage infiltration in ulcerative colitis. (A) Normal, ulcerative colitis, and Crohn’s disease colons were
analyzed by immunostaining to determine the percent of positive epithelial cells for y-H2AX, phospho-Chk2, Chk2, p53 and p21. Data is shown by
the percent of total samples with 0-24%, 25-49%, 50-74%, and 75-100% cell positivity. Normal colonic epithelial cells had low, or 0-24% cell
positivity, for all markers. Both Crohn’s disease and ulcerative colitis colons had increased levels of y-H2A.X (P<<0.001; P<0.05), phospho-Chk2
(P<<0.01; P<<0.001), p53 (P<0.01) and p21 (P<0.05) compared to normal colon. Tissues from Crohn’s disease patients showed higher levels of YH2AX
(P<<0.05), phospho-Chk2 (P<<0.001) than in ulcerative colitis. No differences were detected in levels of total Chk2 between ulcerative colitis, Crohn’s
disease, and normal colons, as expected. (B) Analysis of yH2A.X, phospho-Chk2, p53, and p21 in ulcerative colitis colonic epithelial cells was stratified
by macrophage infiltration index to determine if macrophage infiltration in the lamina propria was associated with induction of the DNA damage
response pathway and p21 activation. Colons with macrophage numbers above the median were defined as having high macrophage index, while
those with macrophage numbers below the median were defined as having low macrophage index (i.e., low cellular densities). High macrophage
index was associated with increased YH2A.X (P=0.031) and phospho-Chk2 (P=0.014). No significant differences were observed for p53 and p21 with
respect to macrophage index.

doi:10.1371/journal.pone.0044156.g002
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Figure 3. Senescence is induced by either macrophages or NO-
in primary normal human fibroblasts in culture. Normal human
fibroblasts (W38 and MRC5) were grown in coculture with murine
macrophages (ANA-1), or with the NOe donor spermine NONOate
(Sper/NO@). Senescence-associated B-galactosidase activity was used to
determine to the percent of senescent fibroblasts divided by the
number of total fibroblasts. Results are shown from three experiments,
with each experiment done in triplicate. (A) Normal human fibroblasts
were cocultured with macrophages, with and without the NOe
synthase inhibitor L-NAME (500 uM). Macrophages induced senescence
in WI38 and MRC5 cells. Senescence was partially abrogated by L-NAME
in WI38 and MRCS5 cells. (B) The NO @ synthase inhibitor L-NAME reduces
diffused NOe in media of cocultures comprised of normal human
fibroblasts (WI38 or MRC5) and macrophages (ANA-1). 100 ul of media
from three separate cocultures was aliquoted with 100 uL of 5 uM of
DAF in 96-well plates. Plates were read for DAF-fluorescence as an
indicator of NOe. Addition of the NOe inhibitor L-NAME resulted in
decreased levels of NOe in both WI38 (P=0.008) and MRC5 (P=0.03)
cells. Fluorescence measurements from cocultures were normalized by
subtracting the DAF fluorescence measured in media from wells with
fibroblasts only. (C) Fibroblasts were dosed with 0.09 uM, 3 uM and
10 uM Sper/NOe, Sper/NOe that was previously incubated in media
with sodium hydroxide (vehicle) for 48 hours (exhausted donor), and
media alone (negative control) overnight (16 hrs). These concentrations

PLOS ONE | www.plosone.org

Macrophages and Nitric Oxide Accelerate Senescence

were selected to achieve steady state concentrations of 4.5 nM, 15 nM
and 50 nM NOe respectively. 10 uM and 3 uM Sper/NOe induced
significant levels of senescence (P<(0.0001). Exhausted Sper/NOe
(negative control) and 0.09 uM Sper/NOe did not induce significant
levels of senescence when compared to media alone. Hydrogen
peroxide (200 M; 2 hrs) was used as a positive control.
doi:10.1371/journal.pone.0044156.g003

senescence. We measured the expression of NOS2 and the
macrophage marker, CD68 by qRT-PCR and analyzed associa-
tions between these and microRNA expression levels. We
identified 6 microRNAs (miR-21;, miR-17, miR-146a, miR-126,
miR-223 and miR-221) that were associated with NOS2
expression (P<0.001, FDR <5%) indicating that these micro-
RNAs are potentially involved in NOs associated senescence
(Figure 5, Table S2). While no microRNAs were associated with
CD68 expression at the stringent statistical cutoff of P<0.001, a
more lenient cutoff identified 5 microRNAs that were associated
with CD68 (P<0.05), including miR-21, providing evidence that
miR-21 may be involved in both macrophage and NOS2 induced
senescence.

Colon adenomas are premalignant lesions in which high levels
of cellular senescence serves as a barrier to a malignant
transformation [12,38]. In order to identify microRNAs whose
expression is associated with cellular senescence in multiple disease
states, we examined microRNAs expression patterns in senescent
adenomas to compare to senescent-associated microRNAs from
UC and CD. As expected, adenomas expressed high levels of
senescence-associated HP1y (Figure S3E) and we previously have
shown that these adenomas are positive for SA-Bgal [39]. This
confirms high levels of cellular senescence in these tissues. We next
performed microRNA microarray profiling of colonic adenomas
and paired normal tissue, and compared these results with our
findings in IBD. Among the 31 microRNAs altered in adenomas
(Figure 5, Table S3), miR-21 had the highest fold change increase
in adenomas, consistent with our previous qRT-PCR data on
miR-21 in adenomas [40]. MiR-21 was the only microRNA that
was associated with both NOS2 and CD68 in IBD; thus miR-21 is
commonly associated with macrophages linked to senescence in
IBD and wn vitro, and NOe which induces senescence i vitro. We
have previously reported that miR-21 expression is associated with
NOS2 expression in colon cancer [41] providing more confidence
that this association is relevant. This suggests a potential role for
this microRNA in NOs and inflammation-associated senescence,
and future investigations will focus on the possible role of miR-21
in vivo, and mechanistic experiments i vitro to show direct effects
that cannot be tested in human tissue. Interestingly, miR-17 was
commonly altered in adenomas and associated with NOS2 in IBD
while miR-181b was altered in adenomas and associated with
CD68.

Conclusions

Cellular senescence is one of the many links between aging and
cancer, and may occur through several mechanisms including
telomere dysfunction and oncogenic stress [42]. UC has been
theorized to be a disease of cellular aging, based on evidence of
telomere attrition and chromosomal instability [10,43]. We found
that senescence-associated HP1y expression in colonic epithelia
was increased in UC colons in association with a high number of
macrophages. This association is consistent with the hypothesis
that macrophages may directly or indirectly induce cellular
senescence in adjacent epithelial cells, which we observed i witro.
Our findings suggest that in addition to cell intrinsic mechanisms
such as replicative telomere shortening, microenvironmental cues
such as infiltrating immune cells and their derived factors may
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Figure 4. Epithelial cells in Crohn’s disease colon show higher levels of anti-NOS2 immunoreactivity than epithelial cells in
ulcerative colitis colon. Immunohistochemistry for NOS2 was performed as a possible indicator of NO e produced in the colon of ulcerative colitis
and Crohn's disease patients. (A) Colonic epithelial cells had higher NOS2 expression in ulcerative colitis than Crohn’s disease (P=0.0013) colons as
shown by the percent of samples with positive cells while there was no significant difference in NOS2 expressing cells in the lamina propria. (B)
Representative pictures show an ulcerative colitis section with low (0-24% positive) epithelial NOS2, and a Crohn'’s disease section with high (75-

100% positive) epithelial NOS2.
doi:10.1371/journal.pone.0044156.g004

regulate epithelial cell senescence in cancer-prone lesions. This is
consistent with a recent report associating high levels of infiltrating
lymphocytes with telomere shortening and senescence in UC [44].
Stromal senescent fibroblasts can also secrete proinflammatory
cytokines, e.g., IL-6, IL-8 and Gro-o [45] that can contribute to
IBD, consistent with our observations.

High macrophage infiltration was associated with increases in
the DDR sensor molecule YH2A. X, an indicator of active DNA
damage response signaling by upstream DDR kinases including
ATM and ATR [46,47], and phosphorylation of downstream
stress response protein Chk2 in colonic epithelial cells of inflamed,
cancer-prone tissue of UC patients. The increased level of v-
H2A.X in UC colon, when compared to normal colon, is
consistent with a previous report [10] and suggests that DDR
may lead to cellular senescence in a proinflammatory environ-
ment. It is not clear if the DDR response associated with
macrophages iz vivo, and induced by NOe i vitro, is pro- or anti-
carcinogenic, but DDR has previously been hypothesized to be an
anti-cancer barrier [11]. It is possible that macrophages and/or
NOe induce the DDR pathway leading to cellular senescence, and
limiting proliferation of cells as a barrier to cancer. Alternatively,
senescent cells in the microenvironment may themselves be
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procarcinogenic by secreting cytokines including IL-6, IL-8, IL-
lot and IL-1B [38,48].

Our i wtro data suggest that macrophages induce cellular
senescence in a NOe dependent manner. Macrophages or
clinically relevant concentrations of NOe induce cellular senes-
cence in normal human fibroblasts and the NOe synthase inhibitor
L-NAME proportionally reduced both NOe and senescence. L-
NAME is often considered a nonselective NOe synthase inhibitor,
but it has been previously shown to more efficiently block NOe
production from NOS3. NOS3 is known to be important in the
regulation of NOS2 expression [49], thus we hypothesize that L-
NAME may decrease the amount of NOe by inhibiting NOS3
activity and down regulating NOS2 expression. This may be
especially relevant at the low levels of steady state NOe (50—
100 nmol) expected with 10 pM of Sper/NOs [50]. NOe has been
implicated in the activation of the DDR pathway in cell lines and
primary cells of patients with Barrett’s esophagus. Specifically,
NOe donor MAHMA-NONOate induces YH2A.X in Barrett’s
esophagus non-dysplastic, high-grade dysplastic, and adenocarci-
noma cell lines [51]. Interestingly, Dickey et al. have shown that
NOe induces YH2A.X in witro, and that YH2A.X is induced in
unexposed cells adjacent to cells exposed to irradiation [52]. We
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Figure 5. Association of microRNAs with NOS2 and CD68 expression in IBD and microRNAs altered in colon adenomas. The Venn
diagram displays microRNAs that were significantly associated with the mRNA expression of NOS2 (P<0.001) and CD68 (P<0.05) and those
microRNAs that are altered in colon adenomas (P<<0.001) based on microRNA microarray profiling. MiR-21 was found to be associated in all three

comparisons suggesting a potential role for this microRNA in senescence.

doi:10.1371/journal.pone.0044156.9g005

have also shown that NOe induces YH2A.X in normal human
fibroblasts.

NOS2 is increased in colon adenomas [8]; when NOS2 is
overexpressed in p533 wild type cells, p53 accumulates and induces
a negative feedback loop that down regulates NOS2 expression to
decrease nitrosative stress [53]. In contrast, NOS2 overexpression
of NOS2 in p53 mutant cells leads to increased angiogenesis and
tumorigenicity of human cancer cells as xenografts in immuno-
suppressed mice [54]. We hypothesize that NOS2 expression in
IBD patients with intact and activated p53 serves as a barrier to
carcinogenesis, based on the literature and our i vitro data that
NO- induces senescence and DDR. However, once p53 is
inactivated in IBD by mutation [5], nitrosative stress induced by
NOS2 may not induce senescence due to loss of p53, and may
become procarcinogenic. We plan to investigate these hypotheses
should # witro models with primary epithelial cells lines become
available.

The miR-146a/b family of microRNAs that are elevated in
senescent fibroblasts and thought to modulate senescence through
effects on IL-6 and IL-8 [55]. We find that miR-146 expression
correlates to NOS2 expression levels in IBD tissues, consistent with
a role for miR-146 and NOe in senescence. MiR-21 is an
oncogenic microRNA with known roles in inflammation, cell
proliferation and tumorigenesis. We found that miR-21 expression
is associated with high NOS2 and CD68 expression in UC and
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CD, as well as colon adenomas. Mir-21 has previously been shown
to be increased in active ulcerative colitis [56] and upregulated
during DNA damage by hydrogen peroxide and ionizing radiation
associated with reactive oxygen species [57]. Inflammatory stimuli,
such as Corynebacterium  paroum-induced inflammation in mice,
results in elevated levels of miR-21 [58]. MiR-21 can activate the
NOs pathway i vitro [59] and miR-21 levels can be regulated by
NF-kappaB [60]. Our data suggests that miR-21 may have a role
in senescence, although future studies are needed to confirm these
results in a second population using a more sensitive assay like RT-
PCR, and in in witro studies to show a direct effect. While at first a
role in senescence may seem counterintuitive given the oncogenic
role of miR-21, other oncogenes, including RAS [61], have roles
in oncogene-induced senescence. Interestingly, the RAS pathway
has been shown to increase miR-21 expression [62], and NOe can
activate the RAS pathway [63]. Therefore, it is possible that in
IBD, NO- leads to RAS activation and miR-21 transcription that
is in part responsible for senescence in IBD. Future studies should
explore if miR-21 is induced by NO« in a RAS-dependent manner
and contributes to senescence.

Our study revealed a significance difference in senescence
between CD and UC; higher HPly-associated senescence was
observed in CD than in UC, and may reflect a critical difference
between these two chronic inflammatory diseases. Genome wide
association studies have shown thus far that some susceptibility loci
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are shared by both UC and CD, while others are solely associated
with one but not the other disease [64-67]. For example,
inflammatory pathways involving IL-23/IL-17 are both implicated
in UC and CD, but NODZ2 is associated solely with CD. NOD2 is
required for tolerization of macrophages to bacterial peptides,
including ligands for TLR2 and TLR4 [68]. Macrophages from
CD Leul007insC Nod2 homozygote individuals fail to develop
tolerance to repeated stimulation with ligands, leading to the
production of TNFea, IL-1B, and IL-8 [68]. Mice carrying a
similar variant of NOD2 have elevated levels of NF-kappaB and
IL-1Bin response to MDP [69]. TNFa and IL-18 both contribute
to NOS2 expression and NO« production i vivo [35], and IL-8 has
been shown to be a prosenescent cytokine important to senescence
induced by DNA damage [48]. The presence of senescence cells
can cause age-related, chronic conditions in addition to inhibiting
carcinogenesis [70]. We summarize these data in a model (Figure
S9), and propose that regulation of NOe by proinflammatory
cytokines contributes to up regulation of the DNA damage
response pathway and senescence based on our in viiro assays.

Our findings related to inflammatory bowel disease may be
applicable to other precancerous states associated with inflamma-
tion, and also those associated with oncogenic stress. Macrophages
have long been implicated in association with tumors [27], and
many questions remain on how Immunity is involved in
carcinogenesis. Before now, there had been no direct connection
established between macrophages or NO» and senescence. Future
studies may focus on the modulation of senescence through
immune response to improve cancer outcome.

Supporting Information

Figure 81 Antibodies against phospho-Chk2 (Thr68)
and Chk2 are specific. HCT116 Chk2—/— and parental
Chk2+/+ isogenic cell lines (generously given by the Vogelstein
Laboratory) growing in log phase were exposed to 12 Gy of
ionizing radiation to induce phospho-Chk2, and harvested 1 hour
later. Lysates from Chk2+/+ cells (0 Gy; lane 1, 12 Gy; lane 2),
and lysates from Chk2—/— cells (0 Gy; lane 3, 12 Gy; lane 4) are
indicated by numbers below each immunoblot. Antibody for (A)
phospho-Chk?2 (Thr68) used for immunohistochemistry, was
determined to be specific by immunoblot, as illustrated by the
appropriate sized band detected in irradiated Chk+/+ cells only.
(B) Specificity of the Chk2 (clone 273) antibody was confirmed, as
shown by the darkest band detected in only Chk2+/+ cells,
regardless of irradiation. (C) Additional total Chk2 antibodies
(clone 270; Stressgen) and (D) ascites from clone 273 (generously
given by Jiri Bartek) were tested to confirm the results.
Immunocytochemistry was also performed with (E) phospho-
Chk2 (Thr68) and (F) Chk2 (clone 273) antibodies, with similar
results. (IR—=0 Gy gamma-irradiation, IR+=12 Gy gamma-
irradiation).

(TIF)

Figure S2 Inflammatory bowel disease colons have
increased macrophage infiltration in the lamina propria
compared to normal colons. Macrophages were identified
with anti-CD68 immunohistochemistry and quantified by enu-
merating the number of positive brown cells in the lamina propria.
Ulcerative colitis and Crohn’s disease colons had an increased
number of macrophages compared to normal colons (ANOVA,
P=0.02; Dunn’s P<0.05 for both comparisons). There was no
significant difference in the number of macrophages between
colons from ulcerative colitis and Crohn’s disease patients.

(T1F)
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Figure S3 Senescent cells are detectable by both
immunohistochemistry for HPly and enzyme activity
for senescence associated P-galactosidase in inflamma-
tory bowel disease. A) A representative picture of senescence
associated [B-galactosidase positivity is shown in frozen sections
from ulcerative colitis colon. Colonic epithelial cells showed
distinct cytoplasmic blue staining at 100x and B) 400x
magnification. (C) Cells of the lamina propria, adjacent to
epithelial cells, also stained blue for SAP-gal activity at 100x
and (D) 400 x magnification. E) A representative picture of colon
adenoma tissue stained for HP1y.

(TIF)

Figure $4 Examples of immunohistochemistry for DNA
damage response and p53-stress response markers.
Examples from inflammatory bowel disease colon sections were
chosen to emphasize differences reflected in cell counts (repre-
sented in Figure 2). Positive cells are indicated by brown nuclear
stain (DAB) and negative cells are shown with blue counterstaining
(Hematoxylin). Positive staining for yH2A.X, phospho-Chk2,
Chk2, p53, and p21 was nuclear. For normal tissues, areas with
well-oriented crypts were available, and these are illustrated with
the lumen oriented toward the top of the panel. A summary of this
data is shown in Figure 2.

(TIF)

Figure S5 Crohn’s disease colons show no difference in
DNA damage or p53 activation in association with
macrophage index. Tissues from Crohn’s disease patients were
evaluated by immunohistochemistry for y-H2A.X, phospho-Chk2,
total p53 and p21. Staining is not associated with low and high
macrophage index (P>0.05).

(TIF)

Figure S6 Macrophages and nitric oxide induce senes-
cence in primary human fibroblasts. Representative
pictures are shown of positive (blue) and negative (white) cells,
indicative of senescence-associated B-galactosidase (SA-Bgal)
enzyme activity. A) A low density of normal human fibroblasts
(MRC5) were cocultured with macrophages (ANA-1) in 6-well
plates at a ratio of 3:1, respectively. Cocultures were allowed to
grow for 7 days with and without the nitric oxide inhibitor L-
NAME (500 uM). Macrophages induced cellular senescence in
fibroblasts, as shown by the enlarged, blue, SA-Pgal positive cells.
L-NAME partially abrogated the induction of senescence in
fibroblasts. Cells grown in media only were negative for SA-fgal.
(B) Normal human fibroblasts were incubated with 10 uM, 3 uM,
and 0.9 pM Spermine NONOate (Sper/NOs) over night (16 hrs).
After treatment, the cells were fixed and stained for SA-Pgal.
Treatment with 10 uM and 3 uM Sper/NO- induced a significant
number of enlarged, SA-Bgal positive cells, when compared cells
grown in media alone (negative control). Treatment with 0.9 uM
Sper/NOe did not induce significant levels of SA-Bgal positive
cells. Hydrogen peroxide (positive control; 200 uM) induced SA-
Bgal actvity.

(TIF)

Figure S7 Steady state nitric oxide was highest at
381 nM at 4 hours, and nitric oxide was decayed by 6
hours. The decay of Spermine NONOate (Sper/NOs) was
determined by measuring steady state nitric oxide on a nitric oxide
gas analyzer. A 100 pl aliquot of 100 uM of Sper/NOs in serum-
free media was aspirated by gas-free syringe into the sampling
chamber at 0, 0.75, 1.5, 2, 4, and 6 hour time points.

(TIF)
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Figure 88 Nitric oxide induces DNA damage response in
primary human fibroblasts in culture. Normal human
fibroblasts (MRC5) were incubated with media alone (negative
control) or 10 uM Spermine NONOate (donor) and assayed for
YH2A.X foci by immunofluorescence as indicated by FITC (green)
fluorescence. DAPI (purple blue) was used to identify nuclei, and
this image was overlaid with FITC top create a composite. (A, G,
E,) Cells grown in media alone were negative for YH2A.X foci at
400 x magnification. (G) Enlargement of a single cell treated with
media alone (indicated by the red box in panel C) shows that there
is very little FITC fluorescence for YH2A.X. (B, D, F) Cells treated
with donor Sper/NOs became enlarged and failed to divide,
leading to a low density of cells. Due to the low cell density, it was
difficult to capture multiple cells in one 400X magnification field,
thus each panel is a composite of four pictures of one single cell
each. Each cell shows positive FITC fluorescence for YH2A X foci.
(H) Enlargement of a single cell treated with Sper/NOs (indicated
by the red box in panel D) shows distinct focal fluorescence. Panels
are shown at 400X magnification except for YH2A.X high
magnification panels (G, H), which show an enlarged section (red
rectangle) from the YH2A X panels (C, D).

(TIF)

Figure S9 Proposed model of DNA damage response
and senescence resulting from a polymorphism in
NOD2/CARD 15 carried by Crohn’s disease patients.
Previous studies have illustrated that a polymorphism in NOD2
carried by Crohn’s disease patients results in the loss of tolerization
to bacterial peptide, including TLR2 and TLR4 ligands upon
restimulation. [68] This may result in the production of NF-«kB
and proinflammatory cytokines that are part of a chronic
inflammatory response. [69] Cytokines IL-1f and TNF-a can
lead to the induction of NOS2 to secrete nitric oxide. [35] Our
data suggest that nitric oxide may induce DNA damage and result
in cellular senescence.

(TTE)
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Materials and Methods S1 These are methods that describe
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